Phylogenetic analyses demonstrate significant diversity in worldwide circulating strains of human immunodeficiency virus type 1 (HIV-1). Detailed studies have revealed a complex pattern of intersubtype recombinations, as well as evidence of sub-subtypes circulating in various populations. In this study, we characterized an HIV-1 strain that had previously been identified as a distinct subcluster within the subtype A radiation based on partial sequence data. These viruses were of particular interest given that we recently found that their prevalence was significantly higher in dually infected individuals compared to women who were singly infected with HIV-1. Five viruses isolated from commercial sex workers in Dakar, Senegal, were full-length PCR amplified and sequenced. Phylogenetic analyses indicated that, whereas three of these viruses were closely related and clustered overall within the HIV-1 subtype A radiation, they were distinct from previously characterized sub-subtype A1 and A2 viruses. The clustering pattern was maintained in the individual gag, pol, and env regions of the genome. Distance calculations between these viruses, which we termed A3, and other reference sub-subtype A1 and A2 viruses fell in the range of distances between previously characterized sub-subtype groups. In addition, we found evidence of two A3-containing recombinants in our cohort. These recombinants are mosaics composed of sequence from both sub-subtype A3 and CRF02AG, the major circulating recombinant form in this West African population. Based on phylogenetic analyses, we propose that the group of viruses found in the Dakar sex worker cohort, previously referred to as HIV-1 A subcluster 2, be referred to as HIV-1 sub-subtype A3.
Subtype nomenclature provides us with an important tool that enables us to monitor the spread of human immunodeficiency virus type 1 (HIV-1), and the creation of an international HIV genetic sequence database has facilitated better classification of globally circulating viral strains. Phylogenetic analyses of the env and gag genes of HIV-1 indicate that there are three distinct groups (M, N, and O) of the virus circulating worldwide. Within the major group M, there are currently nine defined subtypes, or clades (A to D, F to H, J, and K) (3, 6, 18, 19, 23, 24, 34) . In addition, there are a number of circulating recombinant forms (CRFs) in the world, which are associated with significant transmission and disease in various populations worldwide (23) . Detailed phylogenetic studies have revealed evidence of sub-subtypes, which are characterized as regional subclusters composed of distinct lineages that are closely related to a given subtype (11, 21, (36) (37) (38) . Sub-subtypes F2 (36) and A2 (11) have been identified and characterized. There have also been suggestions that certain previously identified subtypes could have been categorized as sub-subtypes (19, 26, (36) (37) (38) . For example, there is evidence suggesting that the previously identified subtype D viruses might have been more appropriately named sub-subtype B2 (26, 38) .
Due to the complexity of the nomenclature issues, an international group of experts convened to define methods of classifying HIV viral sequences (23, 26, 27) . Emphasis was placed on improving precision with regard to subtype classifications. The group pointed out the importance of recognizing the presence of sub-subtypes. In their recommendations, they mapped out criteria for defining sub-subtypes by genetic distance estimates. Within each of the subtypes and sub-subtypes identified, a range of genetic diversity has been noted (1, 11, 13, 18, 30) . Subtypes are genetically equidistant from one another, with the intersubtype nucleotide distances ranging from 15 to 22% in the gag gene and from 20 to 30% in the env gene (7, 11, 12, 26) . Intrasubtype distances range from 3 to 10% in the gag gene and 5 to 12% in the env gene (7, 11, 26) . Various reports indicate that intersub-subtype diversity ranges from 7 to 12% in the gag gene from 11 to 16% in the env gene (11, 26, 27) .
Subtype A viruses are interesting to study not only because they are the second most prevalent strain of HIV-1 circulating globally but also because portions of the subtype are found in a majority of the CRFs, particularly in those of epidemiologic consequence (11, 23, 25, 26) . This group of viruses is estimated to account for 27% of global HIV-1 infections, with a majority of the cases represented by the CRF02AG strains (23) . HIV-1 infection in West Africa is principally due to CRF02AG (2, 4, 6, 19, 22, 23, 25) . Recent work conducted in our laboratory revealed that a distinct group of viruses within the HIV-1A subtype radiation is also present in Senegal (30, 32, 35) . Phylogenetic analyses indicated that this group of viruses, which we previously referred to as HIV-1A subcluster 2, differed from sub-subtypes A1 and A2 (30, 32) . Since the categorization of these viruses was primarily based on sequencing of the C2-V3 region of the env gene and a small region of the gag gene, further analysis was warranted. In addition, we were particularly interested in further characterization of this virus after we found that it was actually overrepresented in women dually infected with HIV-1 and HIV-2 compared to women infected with HIV-1 alone (32) . The goal of this investigation was to obtain additional evidence to determine the genetic relatedness and relationship of this subcluster of subtype A viruses with respect to reference HIV-1 A1 and HIV-1 A2 viruses; we therefore analyzed full-length HIV-1 sequences. Sequences from five different subcluster two viruses were obtained and analyzed. Pairwise genetic distances were evaluated and revealed that three of the five viruses could be designated a distinct sub-subtype within the HIV-1 A radiation, which we have named A3.
MATERIALS AND METHODS
Study population and sample collection. Since 1985, we have conducted a prospective study of registered female sex workers (FSWs) in Dakar, Senegal; blood samples and questionnaire data were collected after obtaining informed consent. The specific details of the study recruitment procedures and methods have been previously described elsewhere (14, 15) . Serostatus was determined by immunoblot on whole virus lysates and recombinant envelope peptides and by diagnostic HIV-1 and/or HIV-2 PCR. Time of infection for women who converted to HIV-positive serostatus while in the study was estimated as the midpoint between their last seronegative and first seropositive samples.
DNA amplification and sequencing. Proviral DNA was extracted from cocultured peripheral blood mononuclear cells by using a kit from Qiagen, Inc. (Chatsworth, Calif.). Preliminary subtype and sub-subtype designation was done based on the C2-V3 region of the env gene (350 bp). For C2-V3 sequence, DNA samples were amplified by nested PCR with primers and reaction conditions that have been described previously (31, 39) . The PCR products were purified and directly sequenced by using the second-round primers. When sequence data could not be obtained through direct sequencing, purified products were cloned into the pCR2.1 vector (T/A Cloning; Invitrogen, San Diego, Calif.), and sequence data were generated from clones.
For women who appeared to have evidence of the HIV-1 subtype A subcluster 2 virus in the C2-V3 region of the env (including AF085293, AF085294, AF085299, AF085309, AF085310, AF085319, and AF085326), sequencing of the 3Ј-p24/5Ј-p7 region of the gag (495 bp) was also performed. The gag sequences were amplified by nested PCR with two sets of primers: p108-p109 for the first round and p91-p92 for the second round, as previously described (30) . These products were directly sequenced by using second-round primers. All sequences for both strands of DNA were determined by dye terminator cycle sequencing, using Taq polymerase (Perkin-Elmer Applied Biosystems Division, Foster City, Calif.) and an automatic sequencer (ABI 377; Perkin-Elmer Applied Biosystems Division).
Based on preliminary env and gag data, samples from five HIV-1-infected subjects were selected for full-length sequencing. Nearly the entire genome was obtained in one continuous segment by using the nested primers MSF12b-OFMR1, for round 1, and F2nst-ofm19, for round 2, utilizing methods previously described (4, 29) . The amplicon was directly sequenced by using Big Dye terminators on an ABI 3100 capillary sequencer (Applied Biosystems), according to manufacturer's instructions. Sequences were assembled by using Sequencher software version 3.1 (Genecodes, Inc., Ann Arbor, Mich.).
Sequence analysis and statistical methods.
A multiple alignment of the virtually full-length genome with reference sequences of all major subtypes and sub-subtypes (A1, A2, B-D, F1, F2, G, H, J, and K), as well as the full-length sequences we had obtained, was manually generated in a Genetic Data Environment window (33) . A maximum-likelihood tree of nearly full-length sequences was produced by using the DNAML program in the PHYLIP package version 3.6 (9) using a transition/transversion ratio of 1.42 (16) and empirical base frequencies. Sequences were gap stripped. Maximum-likelihood trees for gag, pol, and env subregions were also generated. The sequences were also analyzed for hypermutation by using the HYPERMUT program (http://www.hiv .lanl.gov).
Pairwise genetic distances were calculated by using the DNADIST program in the PHYLIP version 3.6 package (9), with an F84 model of evolution and a transition/transversion ratio of 1.42. Calculations were done with sequences from the following subtype and sub-subtype categories: a ‫,ء‬ Since these women were already seroprevalent at the time they entered the study, the dates correspond to the year of first bleed; ‫,ءء‬ at the time these samples were first identified for full-length sequencing, we had not yet verified that they could be referred to as sub-subtype A3 (and were referring to them as HIV-1 A subcluster 2 viruses), but for the purposes of this table we are designating the samples as A3.
VOL. 78, 2004
HIV-1 SUB-SUBTYPE A3
Sequence alignments were also used to generate bootscan graphs for recombination analyses by using the SIMPLOT version 3.4 beta program (17) . Bootscan analyses were performed on neighbor-joining (NJ) trees, using a 400-bp moving window along the aligned sequences in 50-bp increments. A transition/transversion ratio of 1.42 was used with an F84 model of evolution. Gaps were stripped from the alignments. In preliminary analyses, reference sequences from all major subtypes, sub-subtypes, and CRF02AG were used. Based on recombination patterns from the initial analyses, a subset of sequences was selected for the final bootscan graphs; the subset of reference sequences used included sub-subtype A3 (DDI578, DDJ360, and DDJ369), CRF02AG (DJ264, IbNG, SE7812, MP1211, and MP807), subtype G (G6165, HH8793, NG083, and DRC.BL), and subtype B (HXB2, RF, SF2, and RL42) as the outgroup. The reference sequences were grouped and the final bootscan plot was generated by using the consensus for the reference sequence groups. One hundred bootstrap replicates were analyzed for the plots. Bootstrap values were plotted at the midpoint of each window along the sequence. Breakpoints were determined by using informative site analyses and by maximizing 2 values (28). Using the breakpoints, sequence alignments were clipped into appropriate subregions for further analysis. NJ trees for each of the recombined subregions were generated to confirm the results of the bootscan. All NJ trees were generated by the SEQBOOT, DNADIST, NEIGHBOR, and CONSENSE programs in the PHYLIP version 3.6 package (9). For all NJ trees, the F84 model of evolution and a transition/transversion ratio of 1.42 was used.
Sequence information. The full-length sequences have been deposited into the GenBank database under accession numbers AY521629 to AY521633.
RESULTS
We amplified nearly full-length genome of viruses from five women in our cohort that we had previously identified as having evidence of the HIV-1 subtype A subcluster 2 virus in the C2-V3 region of the env gene and the 3Ј-p24/5Ј-p7 region of the gag gene (Table 1) ; in the table, we referred to these sequences as A3. Three of the women (DDI579, DDJ360, and DDJ369) had seroincident infections and were infected with HIV-1 only. The remaining two women (DDJ362 and DDJ364) we selected for sequencing were seroprevalent upon entry into the cohort and were dually infected with HIV-1 and HIV-2.
Characterization of HIV-1 A subcluster 2 as sub-subtype A3. To understand the phylogenetic relationships of the newly characterized viruses, we constructed trees from the near fulllength genome. Initial phylogenetic tree analyses with se- The alignments were gap stripped, and these trees were generated by using the DNAML program in the PHYLIP version 3.6 package (9). A transition/transversion ratio of 1.42 was used for all trees. The scale bar indicates 1% nucleotide sequence divergence. For these trees, reference sequences from all major subtypes and sub-subtypes (A1, A2, B, C, D, F1, F2, G, H, J, and K) were used. The A3 sequences are indicated in boldface.
12440
MELONI ET AL. J. VIROL.
quences from all five women revealed that viruses from two of the women (DDJ362 and DDJ364) had branching patterns that suggested they might be recombinants; the details of these analyses are discussed in greater detail below. Figure 1 presents a maximum-likelihood tree with the three remaining sequences (DDI579, DDJ360, and DDJ369) that contained unique sequence across the length of the entire genome. These sequences clustered overall with HIV-1 subtype A viruses but formed a subcluster that was distinct from A1 sequences as well as from the recently described A2 viruses. It should be noted that because of its unique branching pattern within the subcluster, DDJ369 was also analyzed as a possible recombinant. Bootscan analyses revealed that DDJ369 did not appear to be a recombinant and clustered with the other A3 sequences across the entire length of the genome (data not shown). Finally, for the three sequences with distinct sequence across the length of the genome, all reading frames were open and of complete length. None of the genomes had major insertions or deletions. For sequence DDJ369, the predicted start codon of the env gene had a transition from ATG to ACG, thus changing the amino acid from methionine (M) to a threonine (T); DDJ369 has a methionine three codons downstream, which might serve as the actual start codon for the env. Overall, when the sequences were trimmed into subregions based on the open reading frames for major genes, we found that the sequences maintained their clustering pattern (Fig. 2) . Finally, the sequences were analyzed by using the HYPERMUT program (http://www.hiv.lanl.gov), and no evidence of hypermutation was found. Pairwise distance analysis has previously been used to distinguish between subtypes and sub-subtypes (1, 11, 26, 37) . Intersubtype and intrasubtype distances were calculated for the full-length sequences based on reference strains (Fig. 3) . These values are useful in determining whether a lineage is more likely a subtype or a sub-subtype (27) . By convention, distance values that were less than the distance between different subtypes but greater than the distance within subtype categories were considered to be suggestive of a sub-subtype (4). The genetic distances between sub-subtypes A3 and A1, as well as A3 and A2, fall in the range of 9 to 13%, which is within the range of distances seen between other sub-subtypes (A1:A2 and F1:F2) and subtypes that should have been designated sub-subtypes (B:D; Fig. 3 ). Overall, all of the sub-subtype genetic distance values fell between the values for the intersubtype and intrasubtype comparisons.
Identification of recombinant genomes. As mentioned above, two of the five samples that we had full-length sequenced revealed distinct clustering patterns when originally put into a phylogenetic tree. We generated two separate maximum-likelihood trees to highlight the clustering pattern of sequences DDJ362 and DDJ364 (Fig. 4a and b) . For the first (Fig. 4a) , the maximum-likelihood tree was generated by using major subtype and sub-subtype reference sequences, but no CRF02AG reference sequences. In this tree, DDJ362 and DDJ364 clustered together overall with A3 sequences but formed a small subgroup. However, when CRF02AG was added to the tree (Fig. 4b) , the DDJ364 sequence clustered with CRF02AG sequences. Although the DDJ362 sequence continued to cluster with the A3 sequences, the branching pattern suggested that it might be a recombinant sequence. Accordingly, we investigated these sequences for possible recombination events. Bootscan plots were generated, and sequence breakpoints were determined by using the bootscan results (17, 28) . Initial similarity plot and bootscan analyses included representatives from all of the major subtypes and sub-subtypes (A1, A2, A3, B, C, D, F1, F2 , G, J, and K), as well as CRF02. The final bootscan plots were generated by using representative CRF02AG (DJ264, IbNG, SE7812, MP1211, and MP807), sub-subtype A3 (DDI579, DDJ360, and DDJ369), and subtype G (G6165, HH8793, NG083, and DRC.BL) sequences. Sequences from HIV-1 subtype B (HXB2, RF, SF2, and RL42) were also incorporated in the analyses as the outgroup. This assessment indicated that the sequences of DDJ362 and DDJ364 were a mosaic of CRF02AG and HIV-1 A3. The analyses indicated that the sequence from subject DDJ362 grouped with high bootstrap values to A3 sequence in the gag gene, the central region of the pol gene and the gp120 portion of the env gene. The remaining portions of the genome clustered with high bootstrap values with CRF02AG sequence FIG. 3 . Plots of intrasubtype, intersubtype, and inter-sub-subtype genetic distances for full-length sequences. To calculate these distances, a pairwise distance matrix was constructed by using DNADIST from the PHYLIP version 3.6 package (9) , with the F84 model of evolution, a transition/transversion ratio of 1.42, and empirical base frequencies. All alignments were gap stripped. CRFs were excluded from these calculations. Subtypes B and D were evaluated separately from all of the other intersubtype comparisons. Inter-sub-subtype distances were computed between sub-subtypes A1 and A2, sub-subtypes F1 and F2, and subtypes B and D. The value 0.01 on the x axis indicates a 1% nucleotide sequence divergence. The y axis shows the percentage of pairwise comparisons that have the same nucleotide sequence divergence.
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HIV-1 SUB-SUBTYPE A3 12441 (Fig. 4c) . Similarly, the viral sequence from DDJ364 was composed of a mosaic of A3 and CRF02AG. As shown in Fig. 4d , sequence from this subject clustered with high bootstrap values with reference A3 in the V1 to V5 regions of env. In addition, the sequence clustered with A3 in portions of the gag, pol, and nef genes.
DISCUSSION
Through phylogenetic analyses, we confirmed that the subcluster of viruses circulating in the Dakar sex worker cohort differs from the previously characterized HIV-1 sub-subtypes A1 and A2. The subjects chosen for more detailed analyses were previously characterized as being infected with HIV-1 subtype A subcluster 2 viruses (30, 32) . Examination of fulllength sequences revealed that three subjects had sequences that form a distinct subcluster. Furthermore, phylogenetic analyses of subregions verified that these viruses maintained their distinct clustering patterns in the major genes. Genetic distance analysis has previously been identified as a valid method of distinguishing between the subtypes and sub-subtypes of HIV-1. An analysis of nucleotide distances revealed that our A3 sequences differed from previously identified and characterized A1 and A2 sequences by approximately 9 to 13% across the length of the entire genome. This difference was comparable to those found between other sub-subtypes, such as F1:F2, and subtypes B:D. Based on phylogenetic information, we believe that the group of viruses in our cohort previously designated a subcluster within HIV-1 A can be considered a sub-subtype of HIV-1 A. We propose that the subcluster be referred to as HIV-1 sub-subtype A3.
When looking at our three sequences that clustered together as sub-subtype A3, we found that the virus from DDJ369 was more distant from those from DDI579 and DDJ360, respectively, than they were from each other. We conducted bootscan analyses and ruled out that the sequence from subject DDJ369 was a recombinant. This finding suggests that either diversity A2, B, C, D, F1, F2 , G, H, J, and K), A3 sequences (DDI579, DDJ360, and DDJ369), CRF02 sequences and the two sequences assumed to be recombinants (DDJ362 and DDJ364); both maximum-likelihood trees were generated by using DNAML from the PHYLIP version 3.6 package (9), using a transition/transversion ratio of 1.42. (c and d) Recombination analyses for sequences from subjects DDJ362 and DDJ364, respectively. The recombinant regions and corresponding breakpoints were determined by using bootscan plots (28) . Bootscans were generated on NJ trees of gap-stripped sequences, using a transition/transversion ratio of 1.42. Final plots for both recombinants contain reference sequences from sub-subtype A3 (DDI578, DDJ360, and DDJ369), CRF02AG (DJ264, IbNG, SE7812, MP1211, and MP807), subtype G (G6165, HH8793, NG083, and DRC.BL), and subtype B (HXB2, RF, SF2, and RL42) as the outgroup. The reference sequences were grouped, and the final bootscan plot was generated by using the consensus for the reference sequence groups. Bootscans were performed with a moving window of 400 bp and a step size of 50 bp. Breakpoints were determined by using informative site analyses and by maximizing 2 values. For both samples, bootscan plots are shown. Below the plots, are schematics of the predicted recombinant sequence patterns, as well as the NJ phylogenetic trees for each of the recombined subregions within the plot. For each of the sequences, the roman numerals on the bootscan correspond to the roman numerals above the phylogenetic tree. All NJ trees were generated by using the SEQBOOT, DNADIST, NEIGHBOR, and CONSENSE programs in the PHYLIP version 3.6 package (9). For all NJ trees, the F84 model of evolution and a transition/transversion ratio of 1.42 was used. has accrued in the A3 sequences in Senegal over the years or that there might have been more than one introduction of A3 into Senegal, such that the virus diversified prior to its importation into Senegal. Viral recombination is generally seen in areas that have several subtypes or recombinant forms of the virus circulating in the population (5) . In areas where multiple subtypes cocirculate, it is estimated that intersubtype recombinant sequences (ISRs) account for between 8 and 24% of infections (23) . Senegal has a high prevalence of CRF02AG infections (4, 24, 25, 30, 32) and recombination with this form of the virus could have been predicted. Given that subtype A viruses have been identified in a majority of the circulating intersubtype recombinants, as well as both intergroup (M/O) recombinants (10, 20, 24) , it is also not surprising to find that the HIV-1 A3 viruses are involved in recombination events. In the present study, we found two viruses with recombinant genomes, where the HIV-1 A3 sequence was maintained in the env gene. Interestingly, the two subjects that had recombinant viruses also happened to be dually infected, with HIV-1 and HIV-2. However, given that both subjects DDJ362 and DDJ364 were seroprevalent with both HIV-1 and HIV-2 upon entry into the cohort, it is difficult to speculate on the implications of infection with these HIV-1 recombinants. Another point to note is that these women were infected with A3-containing recombinant viruses as early as 1989. That suggests that A3 might have been in the cohort prior to 1989 for recombination events to take place. Alternatively, the virus might have recombined in another country prior to 1989 and then been imported into the Dakar FSW cohort already a recombinant. However, given we have no information regarding the actual time of infection for these two women, we cannot make assumptions as to when A3 was first introduced into the population. Ultimately, the discovery that the viruses from these two women were recombinants reemphasizes the importance of full-length sequencing in subtype and sub-subtype characterization; had we based our sub-subtype designations on env and gag results only, these two women would have originally been characterized as infected with A3.
A clearer picture of sequence diversity in a given population will lead to better understanding and insights into the biologic consequences of viral diversity. Identification of the different subtypes and sub-subtypes of HIV-1 circulating in a given region will aid in molecular surveillance and development of relevant vaccine candidates (4). Since sequence changes are thought to represent, in part, escape from selective pressure, genetic analyses and molecular surveillance are critical to understanding host immune response (21) . In addition, as subtype-specific vaccines are being produced and tested, it is imperative that we understand the scope of diversity. Phylogenetic analyses have revealed a significant amount of sequence divergence within each of the subtypes, and it may well be that understanding regional differences is requisite for subtype-specific vaccines to be effective (8) .
In summary, our data indicate that the women previously identified as being infected by HIV-1 subtype A subcluster 2 viruses can be classified as infected with HIV-1 sub-subtype A3. The phylogenetic analyses of the full-length genomes corroborate the findings from the original studies (30, 32) . Continued monitoring will indicate the future role of this subsubtype in the epidemic and will demonstrate the contribution of HIV-1 sub-subtype A3 to recombinant viruses. Further molecular epidemiologic studies will require additional discrimination of this particular sub-subtype from other circulating subtype A viruses to identify its role in the epidemic.
